Introduction
The Hubble Space Telescope (HST) was launched on April 25, 1990 into low Earth orbit and is the first mission of NASA's Great Observatories program. It is a telescope capable of performing observations in the near-ultraviolet, visible and near-infrared (0.115 to 1000 lam). The HST was designed to be serviced on-orbit to upgrade scientific capabilities. The first servicing mission (SMI) occurred in December 1993, after 3.6 years in space. Thesecond servicing mission (SM2)wasinFebruary 1997, after6.8yearsinspace. Servicing missions areplanned formid2000andearly2003. 1 TheHSTis covered withtwotypes of thermal control materials, radiators andmultilayerinsulation (MLI) blankets, whichpassively controltemperatures on-orbit. Bothof thesethermal controlmaterials havemetallized-FEP astheexteriorlayer.DuringSMI astronauts retrieved andreturned AI-FEPandAg-FEP MLI blanket material. TheAI-FEP (2 blankets retrieved) covered thetwo magnetometers, andtheAg-FEPMLI covered the solar arraydrivearm(SADA). Analysis oftheretrieved blanket materials revealed thatthe FEPexteriorlayerwasembrittled on highsolarexposure surfaces. 2"3 Surfaces which received thehighest solarexposures (16,670 equivalent sunhours(ESH)for theA1-FER and20,056ESHfor theAg-FEP) hadsomesmall through-thickness cracksin the5 mil FEPatstress locations. 2,3Solar facingbonded 2 milAI-FEP ontheSADApower harness, which wasalsoretrieved, hadmanycracksandhadlost total mechanical integrity (pulverization). 4 DuringSM2,severe cracking of theMLI outerlayermaterial wasobserved on the LightShield(LS),Forward Shell(FS)andEquipment Baysof thetelescope. Astronaut observations combined withphotographic documentation of HSTtakenduringSM2has revealed extensive cracking of theMLI in manylocations around thetelescope, withsolar facingsurfaces beingparticularly damaged. 1TheMLI outerlayer atseveral ofthelongest cracks wasobserved to becurledupandliftedawayfromthenextMLI layer. Figure1 shows severely degraded MLI onHSTasphotographed duringSM2. Theworstof theMLI outer layer cracks were patched during the last EVA (extravehicular activity) day. Contingency patches were placed over the cracks on the light shield, Bay 8 and Bay 10. Due to limited material, Lanyards were used on Bay 7 to hold the cracked MLI in place. Prior to patching the upper light shield crack, the tightly curled outer layer was removed and retrieved for post-mission analysis (see Figure ! ) . After SM2, GSFC established a HST MLI Failure Review Board (FRB) to determine the cause of degradation of the FEP MLI on HST, and to identify a replacement material to be installed during subsequent servicing missions. Extensive investigation of the optical, chemical and mechanical properties of the retrieved SM2 FEP have been conducted and compared with SM 1 and pristine FEP results. 1,5,6 Simulated LEO environmental exposure testing of pristine FEP was also conducted to help determine the cause of degradation of FEP on HST. 7"8
The replacement thermal control material was required to meet HST's stringent thermal requirements (end-of-life cts/e < 0.28) and to maintain its structural integrity for at least 10 years on-orbit. Candidate replacement materials were chosen and various sets of materials were exposed to combinations of electron/proton radiation, atomic oxygen, simulated solar flare x-rays, thermal cycling and near ultraviolet (NUV) radiation at various facilities in order to evaluate their LEO durability. A summary of all the sets of candidate material.,, has been written by Townsend et. al. 9 The simulated solar flare x-ray and thermal cycling exposure testing which was conducted at NASA Lewis Research Center (LeRC) is discussed in this paper.
Materials and Experimental Procedures

CANI)II)ATE MATERIALS
The HST MLI FRB members suggested and considered seventeen replacement thermal control material,,. Each replacement material was scored using a multiplicative evaluation formt, l:_ha,,cd on nine performance criteria chosen by the board. 9 Six candidate materials were cho,,cn fronl the list of seventeen for environmental durability testing (materials I-6),
Because of the ,,trmgent thermal requirements (end-of-life ots/e < 0.28) replacement choices were limued Several types of metallized FEP bonded to scrim were chosen because of their excellent optical properties, and because the radiator surfaces on HST (bonded FEP,.
as opposed t_, blanket material) maintained their structural integrity as documented during SM2. '_ Four additional materials were also chosen for testing: the current AI-FEP MLI material (material 8) to be used to verify environmental damage as witnessed on HST, an Optical Coating Laboratory, Inc, (OCLI) coated sample (material 7) because it is used on some HST exterior surfaces and HST management wanted to check its performance, and two materials (9 and I0) chosen by the FRB Chair which were fundamentally different than the first six materials. 9 These ten materials are listed in Table 1 . Materials 3, 4 and 6 (vacuum deposited AI) were purchased from Dunmore, who used their proprietary non-UV-darkening polyester adhesive. Materials 1, 2 and 5 (silver/Inconel) were purchased from Sheldahl, who used their proprietary non-UV-darkening polyester adhesive. Material The balance has an uncertainty of +_50 lag.
Overall photographs of the samples were obtained using a Polaroid Land camera. Optical micrographs and sample examinations were conducted using an Olympus SZH stereo microscope. Micrographs were obtained at magnifications between 12 and 101 times. A JEOL 6100 scanning electron microscope (SEM) was used for high magnification imaging. Samples were coated with a thin (-75 ]k) palladium conductive coating prior to SEM examination.
CHARGED PARTICLE RADIATION
Samples were exposed to charged particle radiation at either MSFC or at Boeing prior to environmental exposure at LeRC. At MSFC, the M samples were exposed to 10 years equivalent HST dose (SM3-2010) of electron and proton radiation. I1 Samples were exposed to 50 keV, 220 keV (for 10 rail FEP) or 500 keV (for 5 mil FEP) electrons and 700 keV protons simulating the dose versus depth profile which was calculated for HST. The samples (2 inch wide) were loaded under a 10 lb. tensile load during exposure. Samples were desired to be stressed during environmental exposures. A 10 lb. load was applied to the samples because that is the load (for a 2 inch wide sample) which approximates the stress calculated to be necessary to hold 5 rail FEP flat (on HST) when it would otherwise curl-up tight like the retrieved SM2 sample when unconstrained. At Boeing, the B samples were exposed to a 10 year fluence of electron and proton radiation. 12 Rather than simulating dose versus depth, Boeing simulated the total fluence using 40 keV electrons (3.1 x 1013 e/cm 2) and 40 keV protons (2.7 x 101°p/cm2). Ultraviolet radiation from a xenon arc source (i.e. a continuum from 200-400 nm) illuminated the samples at approximately 1.2 UV suns intensity during radiation exposure, resulting in approximately 5 UV solar hours exposure. These samples (1.5 inch wide) were also loaded under a 10 lb. tensile load during irradiation. These fluence values were calculated at GSFC based on GOES data, which were extrapolated, based on the 11 year solar cycle. The fluence is substantially higher for the I-8 ]k
x-rays (12, 550 eV) than for the more energetic x-rays. These lower energy solar flare x-rays are often referred to as soft x-rays. Although FEP is transparent at visible wavelengths, it is highly absorbing between the vacuum ultraviolet to soft x-ray range of 25 to 3000 eV.8 If one looks at the x-ray attenuation length versus photon energy for FEE as seen in Figure 2 , it becomes apparent that energy below 3000 eV is primarily absorbed in the top 20 lam of the film. Energy between 3000 eV and 6000 eV is primarily absorbed in the bulk ofa FEP film 127 lam thick. The transmittance versus energy curve for 127 lam thick FEP shows that 84 percent of photons with energy of 10,000 eV pass through the film. 8 It was therefore concluded that irradiation with continuous x-rays below 10 keV would provide the x-ray energies that should be necessary for bulk film degradation as seen on HST.
The samples were exposed to simulated solar flare x-rays in a modified electron beam evaporator system. A water-cooled molybdenum (Mo) target was irradiated with a 10 keV electron beam. The target was angled to allow the highest flux of x-rays to irradiate the candidate materials. The electron beam current was run low enough to prevent any evaporation of the target material. A model AXUV-20HEI absolute XUV silicone photodiode, produced by International Radiation Detectors Inc., was used to measure the x-ray flux during each sample exposure run. The photodiode has 100 percent quantum efficiency over the range of photon energies produced by the source. Two sheets of 2 lam A! foil were used as a barrier between the target and the photodiode and samples during the exposures. The A1 foil blocked energetic electrons from the target, and blocked the detector from visible light from the electron beam emitter. A photogr.aphic cloth was used to block room light to the detector. To maximize the x-ray flux, only one candidate _ample was exposed at a time. With each candidate sample, a witness AI-FEP (5 mil FEP) lensile sample was exposed to evaluate the effect of x-ray radiation on the tensile properties of AI-FEP. Figure 3 is a drawing of the electron beam system configured to expose the HST candidate samples to x-rays. Figure 4 shows the x-ray spectrum as a function of energy for a I 0 keV electron beam bombarding a Mo target, and with the x-rays passing through a 4 lam AI barrier. This spectrum was obtained using a windowless energy-dispersive spectrometry (EDS) detector on a scanning electron microscope.
With an electron beam energy of 10 keV, a Mo target will not produce any K-alpha characteristic radiation (17,476 eV), eliminating the very intense K-alpha characteristic pq'.ak. Yet, as can be seen in Figure spectra than the actual peak width, which is a detector artifact).
As can be seen in Figure 4 , there is Bremsstrahlung, or continuous radiation between the energy range of 3000 to 6000 eV, and above, where bulk damage is anticipated to occur in FEP. The actual fluence exposures for each candidate sample are listed in by the motion of the frames during transition may hav.
• added some non-thermal stresses to the coupons during cycling. These samples were cycled for 1000 cycles. 
SIMULATED SOLAR FLARE X-RAY EXPOSURE (SAMPLES M AND B)
There were generally very small decreases in ma;s with x-ray exposure (-0.003 to -0.426%).
The mass measurements are provided in Table 3 . The optical properties remained essentially unchanged with x-ray exposure (a pristine NIST second surface mirror was optically characterized as a control). The optical properties are listed in Table 4 . Optical microscopy showed no propagation, oi"change in the purposely induced cut mark, or in the general appearance of the samples with x-ray exposure. There were small decreases in the tensile properties of the companion AI-FEP witness samples exposed to x-ray radiation. Samples were originally loaded under 10 lbs. of tension. After 252 cycles for samples B 1. I through B 1.4, and 285 cycles for samples B 1.5 -B 1.8, thermal cycling automatically stopped and the chamber was opened up. Two samples had torn in half (B1.2 and B I.4, both with fiberglass scrim and Kapton ® backed). Sample B I.8 (the current material, A1-FEP with no scrim) had torn about 90% through the width of the sample. The frames were then inverted to keep the samples from falling over during additional cycling, resulting in a 9 lb. tensile load for the remainder of cycling. Additional thermal cycling did not appear to cause further crack propagation. Figure 5 shows the candidate samples in the test facility after 1000 thermal cycles. The final tension was determined for the intact samples, and ranged between 5.05 Ibs. Generally, there were very small decreases in miss with thermal cycling (<0.047%). These results are listed in Table 3 . The optical prorerties for the samples after thermal cycling are listed in Table 4 . Thermal cycling caused significant absorptance increases in sample B1.1 (+0.063) and sample B I.5 (+0.041). Th_se samples have areas which appear yellowed with thermal cycling. Both of these samples have Ag and the Nomex ® (vs. fiberglass) scrim. Sample B I.8 had an absorptance increase of +0.008 with thermal cycling. Samples B I.3 and B I.6 had slight decreases in absorptance (-0.005 and -0.007, respectively). Both these samples have AI and the Nomex ® scrim. Samples B 1.2 and B 1.4 (Ag and AI, respectively) with fiberglass scrims had essentially no absorptance change. Optical microscopy provided evidence that the yellowed area of samples B 1. I and B 1.5 are associated with the adhesive. Figure 9a show,'_ that the yellowed area has a distinct pattern. Figure 9b shows the same area, photographed with back-lighting. Figure 9c shows the backside of the sample. It can be seen in Figure 9c that the polyester adhesive in the rectangular regions in between the fibers has occasionally cured with adhesive-voids.
-I <bj The Nomex ® scrim on the A1 samples was not as orthogonal as the Ag/Inconel samples (as can be seen by comparing BI.I and B1.6 in Figure 5 ) which may have contributed to the small additional tearing. Sample BI.7 had a very fine hairline crack which was 5.3 mm long, and the witness AI-FEP sample (B 1.8) had a tear length of 42.6 mm. Figure 10 shows tearing of the cut tip in sample B I.6. The backside of the sample shown in Figure 10b shows the tear extending to the second fiber bundle, with no damage to the uncut fiber bundles near the propagated tear.
Several tests were run to understand the exact mechanism responsible for the tear propagation of the thermal cycled samples. Because the tensile properties of FEP decrease with temperature, loaded samples were exposed to the high end temperature (50°C) of the thermal cycling range to see if tearing which occurred with thermal cycling was due to decreases in tensile strength with temperature. Four 5 mil AI-FEP samples with identical sample dimensions and purposely cut marks as the candidate samples were loaded under tension (2.5, 5.0, 7.5 and 10 lb. loads) and exposed to 50°C for 90.5 hours (approximately the time the candidate samples were thermal cycled). There was no observed propagation of the cut with exposure under any of the applied loads. AI-FEP samples which were exposed to 50°C under load were then brought to liquid N 2 temperature while under tension to see if the additional load due to contraction caused tear propagation. There was no observed propagation of the cut with exposure under any of the applied loads. Four AI-FEP (5 mil) samples, which had not been previously exposed to electron/ proton or x-ray exposures, were thermal cycled under varying loads (2.5, 5.0, 7.5 and 10.0 Ibs.). These samples also had identical geometry and cut marks as the candidate samples. After 250 cycles, the facility was stopped and opened up. No signs of tear propagation were observed at 250 cycles for any of the samples. After 1,000 cycles, small or no tears were observed for the 2.5, 5.0 and 7.5 lb. loaded samples, while the 10 lb. loaded sample was torn almost as far as candidate sample B1.8. Because of the thermal cycling test setup, additional loads are imposed on the samples as they move from the hot to the cold chamber, and vise-versa. Therefore, another set of 5 mil AI-FEP samples were prepared and mechanically cycled under load (2.5, 5.0, 7.5 and 10 lb. loads) in the thermal cycling facility (at room temperature). After 250 mechanical cycles, the 2.5 and 5.0 lb. samples had no tear initiation, while the 7.5 and 10 lb. samples had very small tear initiations. After 1000 cycles, there was no tear propagation in either the 7.5 or the 10.0 lb. samples. These results indicate that the tearing which occurred in sample B1.8 was due to thermal cycling (versus thermal exposure) under the high load (10 lb.). The prior radiation exposure does not appear to have contributed to tear propagation in samples B 1.8 because radiation exposure was not necessary to cause tear propagation. Also, mechanical cycling under load was not sufficient without thermal cycling to cause tear propagation.
The cracks, which propagated on HST, were found to have very smooth surfaces. Figure 11 shows examples of these smooth, featureless crack morphologies. Figure 1 l a is an electron micrograph of an in-space-propagated crack from the LS MLI sample retrieved during SM2. Similar smooth crack surfaces were found on cracks located near cable holes in the magnetometer MLI retrieved during SMI, as shown in Figure 1l b and 1 I c. These smooth cracks are believed to have occurred due to slow crack growth under low stress in the presence of a degrading environment. 9 Similar findings were observed for the SADA MLI retrieved during SMi, and have been described as being similar to stress-cracking of glassy materials. 4 When the embrittled SM2 MLI sample is purposely cracked by bending the FEP space exposed surface in tension, the crack surface is not smooth and glassy in appearance, but more fibrous as seen in Figure 12 . This also supports the idea that the smooth cracks occurred slowly in the space environment. The AI-FEP sample which was thermal cycled under a 10 lb. load, with no prior radiation exposure, had a very different surface morphology. Its crack surface has wave-like striations, as seen in Figure 13 . This surface is much more ductile than the glassy-looking surfaces which cracked in space. The crack morphology of this thermal cycled sample is identical to that of sample B 1.8, which did receive prior radiation exposure. 9 The additional radiation exposures (electron/proton and x-ray) did not affect the crack propagation morphology in this sample. The smooth (c) This surface has ductile appearing, wave-like striations.
crack morphology which occurred on HST was not observed for the B I samples which were thermal cycled under tensile loading, although one sample with scrim backing (B 1.5) had areas which were relatively smooth. 9 However, relatively smooth crack morphology was observed with most of the GSFC tested samples containing scrim which were thermal cycled under constraint loading (taped at edges) and experienced crack propagation. 9
Based on the environmental testing conducted at LeRC, candidate samples B 1.3 and B I.6 (A1 and Nomex ® scrim, prepared by Dunmore) performed the best. Samples B I.2 and B I.4 (with fiberglass scrim and Kapton ® substrates) tore in half during thermal cycling under load. Samples B I.I and BI.5 (with Ag and Nomex ® scrim, prepared by Sheldahl) had significant increases in solar absorptance with thermal cycling which were attributed to an interaction of the adhesive and the Nomex ® scrim with heating. Sample B 1.7 (an OCLI coated sample) has a high initial absorptance, and was tested because the HST project wanted to check its performance. Because the solar absorptance of B 1.6 was lower than B I.3, the HST MLI candidate sample B I.6 was considered the single best performer (using solar absorptance as the determining factor between B 1.3 and B 1.6).
Additional Testing
After sample characterization at LeRC (mass, optical properties and optical microscopy) the candidate samples were returned to GSFC for further testing and/or analyses. The M2 sample set was thermal cycled under constraint loading at GSFC and then exposed to NUV radiation. Other candidate sample sets were exposed to environments including electron/proton radiation, atomic oxygen and thermal cycling (sample set M1), thermal cycling of large samples (samples set L1) and NUV radiation (sample set GI ).9
Final Ranking
When testing of all candidate samples was completed, the HST MLI FRB met to review the results and revote on the candidate materials using the original multiplicative evaluation formula based on the original nine performance criteria. During the intervening months, the HST project decided to use the sample 9 material (SiO2/AI203/Ag/A1203/stainless steel) as the outer layer on all Bay repairs. The HST MLI FRB was then evaluating the test results for use on the HST LS and FS areas only. Based on this criteria, two of the original 10 materials (materials 9 and 10) were not considered in the final evaluation. Material 9 is not practical for the repairs because of handling (stainless steel sheets), and material 10 had problems with particulate contamination and UV darkening. 9 The final ranking of the candidate materials is listed in Table 6 . Material 6 (5 mil FEP/ Ag/adhesive/Nomex ® scrim) was ranked first, and recommended by the FRB as the replacement thermal control material to be installed on HST during SM3. Because of concerns of UV darkening of the adhesive, some of the material 6 samples underwent additional NUV exposure testing at GSFC. Five samples, were exposed for 2000-3000 ESH. No change in solar absorptance was measured. was ductile in appearance, unlike the glassy crack morphology of the brittle FEP from HST. The crack morphology of radiation exposed scrim containing samples thermal cycled under a low load (constraint loading) at GSFC most closely resembled in-spacepropagated cracks from retrieved HST FEP. Based on x-ray and thermal cycling testing at LeRC, samples BI.3 and BI.6 performed the best, with BI.6 having a lower solar absorptance.
Upon completion of testing all candidate samples, the HST MLI FRB met to review the durability results and revote on the candidate materials using the original multiplicative evaluation formula. Material 6 (5 mil FEP/Al/adhesive/Nomex ® scrim) was ranked first, and recommended by the FRB as the replacement thermal control material to be installed on HST during SM3. 
